Introduction. Familial renal glucosuria (FRG) is a rare renal tubular disorder caused by mutations within the SLC5A2 gene. It is characterized by persistent glucosuria in the absence of hyperglycaemia and any other signs of generalized tubular dysfunction. In small series of patients previously reported, the molecular and phenotypic findings in FRG families, including first hints of extracellular volume depletion and activation of the renin-angiotensinaldosterone system induced by natriuresis, have been described. We have now extended this analysis to another 21 consecutive cases from 17 pedigrees, including 11 cases with severe glucose excretion. Methods. Mutation analysis was performed by direct sequencing of the genomic coding segments of the SLC5A2 gene. In two cases with severe glucosuria, basal plasma renin activity and serum aldosterone concentrations were determined. Results. Within the 17 pedigrees, we have identified a total of 20 different SLC5A2 mutations. Fifteen have not been previously reported. In all glucosuric individuals tested, at least one SLC5A2 mutation could be identified. Heterozygous individuals were found to have only mild glucose excretion whereas homozygous or compound heterozygous patients had severe glucosuria, ranging from 10 to 86.5 g/1.73 m 2 /24 h. In two patients of the latter group, basal plasma renin activity and serum aldosterone concentration were determined and found to be raised to an
Introduction
Familial renal glucosuria (FRG, McKusick 233100) is characterized by persistent glucosuria in the presence of a normal serum glucose concentration and the absence of any other impairment of tubular function. It is caused by mutations in the SLC5A2 gene, mapped to 16p11.2 and coding for the low-affinity sodium/glucose co-transporter SGLT2. This transporter is responsible for tubular reabsorption of the bulk of filtered glucose. Selected as a major candidate gene for FRG [1] , the first report of a SLC5A2 mutation in FRG was presented in 2000 [2] . Recently published series with larger numbers of cases have confirmed that SLC5A2 mutations are indeed responsible for the vast majority of FRG cases [3, 4] . Additional support came from reports each describing few or single cases [5] [6] [7] [8] [9] . To our knowledge, 29 different mutations have been reported to date, most of them being private (Figure 1 ). At least three patients have been reported in whom no mutation was detected even after sequencing the entire coding region and adjacent intronic segments of SLC5A2 [3, 4] , raising the possibility of genetic heterogeneity. Although long considered to be inherited as an autosomal recessive disorder, the mode of inheritance that best fits FRG has been suggested to be one of co-dominance with incomplete penetrance [3] . Many heterozygous individuals display mild glucosuria (<10 g/1.73 m 2 /24 h), while homozygous or compound heterozygous patients usually have severe renal glucosuria in excess of 10 g/1.73 m 2 /24 h. In a previous report we have described one such patient with massive glucosuria (65.6 g/1.73 m 2 /24 h) in whom we found evidence for activation of the renin-angiotensin-aldosterone system (RAAS) by extracellular volume depletion induced by natriuresis [4] . This observation, however, was based on a single patient, and clearly data from additional patients are required for confirmation.
Here, we describe 21 additional individuals with glucosuria of variable severity and 15 novel SLC5A2 mutations, thus extending the allelic heterogeneity in FRG, and report hormonal studies that elucidate pathophysiologic mechanisms in this condition.
Material and methods

Nomenclature
Gene mutation nomenclature used in this article is in accordance with recommendations of den Dunnen and Antonarakis [10] ; usage of gene symbols follows recommendations of the HUGO Gene Nomenclature Committee [11] .
Patients and phenotype evaluation
Seventeen not previously reported and unrelated families were investigated. During the study period no other individuals with glucosuria were evaluated. The study was part of the medical evaluation for glucosuria. After obtaining informed consent from participating individuals or their legal guardians, 26 individuals could be included. Whenever possible, glucosuria was quantified by a 24-h urine collection. Relatives were screened for the presence of glucosuria by dipstick urine analysis. Eleven individuals presented with severe glucosuria (as defined previously by a glucose excretion ≥10 g/1.73 m 2 /24 h). In two of them basal plasma renin activity and serum aldosterone concentration were determined as previously reported [4] .
Mutation analysis
Genomic DNA was isolated from peripheral blood leukocytes according to standard methods. The coding region and adjacent intronic segments of the SLC5A2 gene were screened for mutations by direct sequencing of polymerase chain reaction products in one of the two laboratories involved (J.C., R.S.), and the presence of mutations was confirmed by bidirectional sequencing.
Results
Mutation and pedigree analysis
We have screened 26 individuals from 17 families; in 4 of them consanguinity was known from the medical history. Findings in individual patients and their relatives, when available, are presented in Table 1 . The amount of glucose excreted ranged from 2.2 to 86.5 g/1.73 m 2 / 24 h. For index cases of families 8, 10 and 13, glucosuria was not quantified. Twenty different mutations were identified in the study group. Five have been previously reported: IVS7 + 5G>A, p.R368W, p.F453L, IVS12 + 1G>A and p.N654S [3, 4, 6] . Within the 17 families, we identified a total of 15 novel mutations of the SLC5A2 (8) n.q. IVS7 + 5G>A IVS7 + 5G>A, 2-Index case: female (5) n.q. (Figure 1 and 2) . Affected individuals from families 1, 2, 3 and 12 had mild glucosuria in the range of 2.7-6.5 g/1.73 m 2 /24 h. In each of these cases, only one mutated allele was identified: individuals from family 1, 2 and 12 were found to be heterozygous for three distinct novel mutations, p.V116M, p.R558C and p.R300C, respectively. Also the index patient from family 3, having one of the smallest amount of glucose excretion of the entire cohort, carried only one SLC5A2 mutation. Interestingly, she was heterozygous for the p.N654S allele, previously considered to be a polymorphism [3] .
The most severe forms of renal glucosuria were found in homozygous or compound heterozygous individuals. Homozygosity for an SLC5A2 mutation (IVS7 + 5G>A, p.G224R, p.L539P, p.Y128X) was found in index cases of families 4, 5, 13, 14 and 17 while cases from families 6, 7, 8, 9, 10, 11, 15 and 16 were found to be compound heterozygous.
Renin-angiotensin-aldosterone system activation
Within the group of 10 families with documented severe glucosuria, we had the opportunity to evaluate the RAAS activation in two of them. In index cases from families 4 and 6, basal plasma renin activity was markedly elevated
. (5.7 and 3.4 times normal, respectively). Likewise, serum aldosterone concentrations were increased to 4.4 and 1.8 fold of the upper reference range, respectively ( Table 2) .
Discussion
In the renal proximal tubular epithelium two sodium/ glucose co-transporters are responsible for the reabsorption of filtered glucose. Among them, SGLT2 that contains 672 amino acid residues and is expressed almost exclusively in the kidney [12] is a low-affinity sodium/glucose co-transporter and responsible for the bulk of glucose reabsorption in this organ. The 664 amino acid transporter protein SGLT1, a high affinity co-transporter that is strongly expressed in the small intestine and the kidney [13] , accounts for the reabsorption of the remaining glucose. These two co-transporters show significant sequence homology with 59% of amino acids being identical after alignment [12] . The SLC5A1 gene, coding for SGLT1, was found to be responsible for familial intestinal glucose-galactose malabsorption (GGM, McKusick 606824) [14] , while the gene coding for SGLT2, SLC5A2, is mutated in FRG [2] . The SLC5 family comprises over 230 members, including 11 members of the human genome [15] . Most members share a common core of 13 transmembrane helices (TMH), although the number may vary among homologues as in the case of human SGLT1 and SGLT2, with 14 [16] . Among the 28 pedigrees of the two previously published cohorts, three cases had no identifiable mutation in the coding sequence of SLC5A2. Mutations in the promoter region or heterozygosity for large deletions not detectable by PCR may account for these findings. Alternatively, FRG might be a genetically heterogeneous entity. Interestingly, a locus on chromosome 6 detected by linkage analysis and termed GLYS1 has been reported [17] . In addition, other SLC5 sodium/glucose co-transporter members, like SGLT4, SGLT6 and SMIT1, are also expressed in the human kidney [15] and can be expected to play a role in glucose reabsorption. They are candidate genes for FRG in families without an SLC5A2 mutation. Our current findings, however, argue against significant genetic heterogeneity, given that in this new series of 17 consecutive families evaluated for glucosuria, SLC5A2 mutations were always found. Nevertheless, those co-transporters may still act as modifier genes and account for the incomplete penetrance described in FRG.
Among the 20 SLC5A2 mutations now identified, 15 were novel, which is evidence for remarkable allelic heterogeneity (Table 1, Figure 1 ). This is in agreement with previous studies suggesting that most mutations in FRG are private. Among those that are not, IVS7 + 5G>A, meanwhile reported in nine unrelated pedigrees, is the most frequent one and might be a mutational hot spot ( [3] , current report), followed by p.Q167RfsX20 (c.500delA; Q167fs) in three families [3, 4, 6] . Furthermore, the sequence variation p.N654S, originally referred to as a polymorphism since it was detected in 1 out of 80 anonymous chromosomes [3] , has been reported in the compound heterozygous state in five different families ( [3, 4, 7] , current report). In this regard it is interesting that the index case from family 3, who presented with very mild glucosuria, was found to be heterozygous for p.N654S. Since this was the only sequence variation detected, this provides some evidence that p.N654S alters SGLT2 function although the last TMH, the region where this mutation is located, has been reported not to be essential for proper function of SGLTs. This transmembranous domain is missing in some members of the SGLT family, and in vitro deletion does not eliminate sugar transport [16, 18] . If at all present, the impairment of transporter function, however, seems to be mild, since the index case 11-1 who is compound heterozygous for p.N654S and another missense mutation had a glucose excretion of 10 g/1.73 m 2 /24 h, exactly the borderline between mildly affected (typically heterozygous) and severely affected (typically homo-or compound heterozygous) individuals.
Among the 15 novel SLC5A2 mutations there was only one nonsense mutation, p.Y128X, whose pathogenic significance is obvious. Her massive glucosuria of 72.7 g/ 1.73 m 2 /24 h in the presence of severe polyuria is in accordance with the notion that the bulk of filtered glucose is lost with the urine if SGLT2 is non-functioning and allows the classification as so-called type 0 glucosuria [19] . Most of the other novel mutations are substitutions that affect residues that are relatively conserved among SGLT2 proteins of different species and among other members of the human SLC5 family (Figure 2) . Interestingly, for SGLT1, mutations of residues R300 and R558 (numbering is identical for corresponding amino acids at positions 255 to 605 in SGLT1 and SGLT2) are associated with GGM [20] . The only exceptions are p.V116M, p.T323R and p.L539P. For p.V116M, there is some evidence that it may be a disease-causing allele, since a similar mutation, p.V105M, also in the third TMH, has been previously reported in a FRG heterozygous individual [3] . Less clear is the situation for p.T323R and p.L539P sequence variations that are neither conserved between SGLT2 and SGLT1 and 3, nor among SGLT2s of different species. When the Polyphen software (http://coot.embl.de/PolyPhen) was used, in order to evaluate the potential pathogenicity of these two amino acid substitutions, both were predicted to be possibly damaging. Nevertheless, expression studies will be required, which, however, have not been successful to date for SGLT2 proteins.
According to previous observations, polyuria is the major functional change in FRG [21] . While the impact of unabsorbed glucose is well acknowledged, the role of sodium that may escape both proximal and distal absorption has arrested less attention. Based on a single previous observation [4] , we evaluated the RAAS in severe forms of FRG by an indirect assessment of volume depletion resulting from natriuresis. Results have consistently demonstrated that compensatory mechanisms are activated as a response to sodium losses. On average, and considering the three individuals that have been investigated so far, basal plasma renin activity and serum aldosterone concentration were 4.2-and 2.7-fold the upper reference range, respectively ( Table 2 ). This is of particular interest in the context of the use of specific SGLTs inhibitors. Synthetic agents derived from phlorizin were shown to increase urinary glucose excretion, reduce blood glucose and HbA 1c levels and prevent the development of microalbuminuria and neuropathy in several rodent diabetic models [22, 23] . Specifically, sergliflozin and dapagliflozin, two selective SGLT2 inhibitors meanwhile developed, are being considered as a new approach to the treatment of type 2 diabetes mellitus [24, 25] . For the highest dose of sergliflozin used in these studies, a temporary osmotic diuresis was reported and an increase in sodium excretion (although not statistically significant) was observed [24] . Long-term effects of electrolyte metabolism and secondary altered hormonal regulation will have to be considered not only in FRG patients but also in patients with type 2 diabetes who might be treated with SGLT2 inhibitors some time in the future.
In conclusion, we have investigated FRG index cases and some of their relatives, a total of 26 individuals, for SLC5A2 mutations. Given that at least one mutated allele was identified in each individual with FRG of this cohort, we can rule out significant genetic heterogeneity in FRG. Twenty SLC5A2 mutations were identified, including 15 novel alleles, confirming that in FRG most mutations are private. Finally, further evidence for moderate volume depletion in FRG is provided.
